In the present study, we review the known zoogonid cercariae, summarise their life-cycles and first intermediate host distributions, and present a new cercaria, Cercaria capricornia XI (Digenea: Zoogonidae), which was found in one of three nassariid gastropods, Nassarius olivaceus (Bruguière), surveyed in the intertidal zone in the Capricornia region of Central Queensland, Australia. Morphological data and molecular analysis of the ITS2 rDNA region support placement of this cercaria in the family Zoogonidae but do not allow any further resolution of its identity. There are now fifteen cercariae described as belonging to the Zoogonidae; thirteen of these, including the present species, infect neogastropods as first intermediate hosts and two use vetigastropods. This study reinforces the pattern that the Nassariidae is by far the most commonly reported family for the Zoogonidae. Given its richness we predict that the Nassariidae will prove to harbour many more zoogonid species.
The Zoogonidae Odhner, 1902 is a family containing parasites of teleosts and occasionally elasmobranchs (Bray 1986 (Bray , 1987 (Bray , 2008 . The asexual stages use gastropods as first intermediate hosts and a wide range of invertebrates as second intermediate hosts, frequently polychaetes and echinoderms, but also gastropods (Bray 1986 , Jangoux 1987 . Known cercariae of this family typically have the form of a cercariaeum (tail-less). Madhavi and Shameem (1991) published a list of reported zoogonid cercariae and their hosts when they described Cercaria chilkaensis II Madhavi et Shameem, 1991 from Nassarius orissaensis (Preston) in India. The taxonomic history of zoogonid cercariae is confused; there are currently many synonymous names recognised and there have been numerous revisions of descriptions. All zoogonid cercariae reported to date, with the exception of Cercaria crispata Pelseneer, 1906 , Cercaria giardi Pelseneer, 1906 and Cercaria zoogonides Chubrik, 1966 , have been described with a stylet (Pelseneer 1906 , Chubrik 1966 , Bray 1986 , Abdul-Salam and Sreelatha 1998 .
Three marine gastropods Nassarius dorsatus (Röding), Nassarius olivaceus (Bruguière) and Nassarius pullus (Linnaeus) are common scavengers in the intertidal mangroves of the Capricornia region of Central Queensland, Australia. The aims of the present study were to identify and characterise the ecology of cercariae infecting these three gastropods in this region. During the survey, a single infection with a zoogonid-like cercaria lacking a stylet was found in N. olivaceus. This cercaria is characterised using morphological and genetic analyses, namely Bayesian inference analysis of the internal transcribed spacer 2 (ITS2) ribosomal DNA (rDNA) region.
Materials and Methods host gastropod and parasite collection
Gastropods were collected by hand from mudflats at Sandy Point, Corio Bay (22°58'S; 150°46'E), Ross Creek, Yeppoon (23°8'S; 150°45'E) and the mouth of Cawarral Creek, Keppel Sands (23°19'S; 150°47'E) in Central Queensland, Australia. Totals of 1 766 Nassarius dorsatus, 1 908 N. olivaceus and 1 614 N. pullus were collected between August 2004 and May 2006. Gastropods were held in filtered seawater at room temperature (20-28 °C) and examined for naturally emerged cercariae every 1-3 days for up to one month. Freshly emerged cercariae were transferred to a cavity block in a small volume of seawater and heat-killed by pouring several volumes of near boiling seawater into the dish. Specimens for morphological analysis were fixed in 5% formalin and specimens for molecular analysis were stored in 70% ethanol. The infected gastropod was then dissecta review of the currently recognised zoogonid cercariae, including the identification and emergence ecology of Cercaria capricornia XI (Digenea: Zoogonidae) from Nassarius olivaceus (Gastropoda: nassariidae) in Central Queensland, australia leonie J. Barnett 1 , terrence l. Miller 2 and Thomas H. Cribb ed to determine the nature of intramolluscan stages. Sporocysts were placed into near boiling seawater and fixed in 5% formalin or 70% ethanol. Whole mounts and wet specimens are deposited in the Queensland Museum, Brisbane, Queensland, Australia.
Morphological analysis
Fixed cercariae and sporocysts were examined as temporary wet mounts without flattening. Measurements were taken using an eyepiece micrometer on an Olympus BX-41 microscope and are given in micrometres as the range followed by the mean in parentheses. Drawings were prepared with the aid of a drawing tube.
Confirmation of prevalence
A subset of putatively uninfected gastropods was dissected to check infection status. Of 720 N. dorsatus (40.8% of 1 766), 877 N. olivaceus (46.0% of 1 908) and 70 N. pullus (4.3% of 1 614) dissected, there were no gastropods infected with a trematode similar to that reported here. This result suggests that the emergence prevalence reported here closely approximates the actual prevalence.
Molecular analysis
Total genomic DNA was extracted from ethanol-fixed specimens using a QIAGEN ® (Doncaster, VIC, USA) DNeasy ® Blood and Tissue Kit following the manufacturer's protocol. Final elution volume was 30 µl. Amplification of the ITS2 region was performed with the primers 3S [5'-GGTACCGGTGGAT-CACGTGGCTAGTG-3' (Morgan and Blair 1995) ] and ITS2.2 [5'-CCTGGTTAGTTTCTTTTCCTCCGC-3' (Cribb et al. 1998) ]. PCR amplification (total volume 25 µl) was performed using 1X iTaq Buffer (Bio-Rad , Hercules, CA, USA), 1.25 U iTaq™ DNA polymerase (Bio-Rad), 1.5 mM MgCl 2 , 200 µM each dNTP, 0.2 µM each primer and 1 µl genomic extract, with the following thermocycling profile: 5 min denaturation at 95 °C; 30 cycles of 30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C; and 4 min extension at 72 °C. The PCR amplicon was purified using a QIAGEN QIAquick ® PCR Purification Kit (with 30 µl elution buffer). The purified amplicon was sequenced (in both directions) using the same primers with ABI BigDye™ v3.1 chemistry at the Australian Genome Research Facility in Brisbane, Queensland. The resulting sequences were edited by eye and the contig constructed manually in MEGA4 (Tamura et al. 2007 ) from both the forward and reverse sequence and then checked independently using Sequencher™ version 4.5 (GeneCodes Corp., Ann Arbor, MI, USA). The ITS2 sequence was annotated using HMMer (Eddy 1998) on the ITS2-Database version 3.0.5 (Keller et al. 2009 , Koetschan et al. 2010 ).
Phylogenetic analysis
The ITS2 rDNA sequence for Cercaria capricornia XI was aligned with those reported for the species of Zoogonidae and the other families listed in Table 1 . Although there was only a single zoogonid sequence available from GenBank (Zoogonus rubellus Olsson, 1868), ITS2 data for three zoogonids collected from Australian waters and sequenced using the methods of Lo et al. (2001) were available for comparison. Specimens from the families Haematoloechidae, Microphallidae, Opecoelidae, Plagiorchiidae and Paragonimidae were chosen for comparative purposes (Table 1) . No sequences from the closely related family Faustulidae were available for comparison.
The ITS2 dataset was aligned using Muscle version 3.7 (Edgar 2004 ) on the Cipres Science Gateway (Miller et al. 2009 ) using the default parameters. The resulting alignment was checked by eye and trimmed to the shortest sequence us- Sharpilo, 1990 Eptesicus serotinus, Nizhin, Ukraine AF151947
ing Mesquite version 2.74 (Maddison and Maddison 2007) . This alignment was then exported in NEXUS format and Bayesian inference analysis of the ITS2 dataset was performed using MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003) . The software jModeltest version 0.1.1 (Posada 2008 ) was used to predict the best substitution model for the ITS2 dataset. Bayesian inference analysis was conducted on the combined dataset using the general time reversible model (GTR) with a gamma distribution (G) of site-specific rates. This was the model most similar to the TVM + G predicted as the best estimator by both the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC) in jModeltest. Bayesian inference analysis was run over 1 000 000 generations (ngen=1000000) with two runs, each containing four simultaneous Markov Chain Monte Carlo (MCMC) chains (nchains=4) and every 100 th tree saved (samplefreq=100). Bayesian analysis used the following parameters: nst=6, rates=gamma, ngammacat=4; the MCMC parameters were left at the default settings; and the priors parameters of the combined dataset were set to ratepr=variable. Samples of substitution model parameters, and tree and branch lengths were summarised using the parameters 'sump burnin=3000' and 'sumt burnin=3000'. These 'burnin' parameters were chosen because the log likelihood scores plateaued before 300 000 replicates in the Bayesian inference analysis.
results

A single infection was found in Nassarius olivaceus.
There was no evidence of infection by a zoogonid in either N. dorsatus or N. pullus.
Morphological data -intramolluscan and free-living stages
Cercaria capricornia Xi H o s t : Nassarius olivaceus (Bruguière) (Gastropoda, Nassariidae). L o c a l i t y : Cawarral Creek, Keppel Sands, Queensland, Australia (23°19'S; 150°47'E). H a b i t a t : Intertidal mudflats. Remarks. The infected gastropod was maintained alive in captivity for 20 weeks following first recognition that it was infected. Large numbers of cercariae emerged daily for a period of 3 weeks followed by a pause of 3.5 weeks during which no or very few cercariae emerged, followed by a further period of heavy emergence for at least 3 further weeks. Cercariae generally emerged before 8 AM each day. Naturally emerged cercariae crawled on the substrate using the oral and ventral suckers. Encysted metacercariae were also recovered from the same cavity block containing motile cercariae (Fig. 1D) (Fig. 2) . All of the trematode families included in this analysis were resolved with relatively strong support; the only exceptions were the Haematoloechidae and Plagiorchiidae.
disCussion
Systematics
The combination of morphological and molecular analysis suggests that Cercaria capricornia XI belongs to the Zoogonidae, despite the absence of a stylet. This cercaria is similar to other described zoogonid cercariae but can be differentiated on the basis of morphometric data and by the absence of a stylet ( Table 2 ). The cercaria of Zoogonoides viviparus (Olsson, 1868) as described by both Køie (1976) and Lebour (1918) has a stylet, a larger overall body size and larger oral and ventral suckers than C. capricornia XI. Cercaria zoogonides is smaller than the other cercariae described as Z. viviparus, but has a similar ovoid shape. Cercaria zoogonides was figured without a stylet, although it appears that the cercaria was described from specimens contained within sporocysts rather than from emerged cercariae and thus may have been immature (Chubrik 1966) .
Although C. zoogonides has a similar body length to that of C. capricornia XI, the body is wider and the oral and ventral suckers are larger. The brief description of C. crispata also omitted mention of a stylet. This species was later synonymised with Diphterostomum brusinae (Stossich, 1888), which has a stylet (Pelseneer 1906) . No measurements were provided for C. crispata, but the cercaria was figured with a bifurcated excretory vesicle and the ventral sucker was relatively smaller and positioned more posterior than in C. capricornia XI. Similarly, the brief description of C. giardi omitted mention of a stylet and did not contain any measurements. Cercaria giardi was figured with the ventral sucker larger than the oral sucker, unlike the oral and ventral suckers of C. capricornia XI, which are roughly equal.
The body of Cercaria bulliae Brown et Webb, 1994 is much longer and narrower than C. capricornia XI and Cercaria hapax Brown et Webb, 1994 had a distinctive tail holdfast, unlike in this cercaria (Brown and Webb 1994) . Cercaria brachycaeca Shimura et Ito, 1980 is smaller than C. capricornia XI but has larger oral and ventral suckers (Shimura and Ito 1980) . The cercaria of Cercaria kuwaitae IX Abdul-Salaam et Sreelatha, 1998 is smaller, and, although no naturally emerged cercariae were collected and the description was based on the most mature specimens found during dissection, those cercariae can be differentiated from C. capricornia XI by the presence of a stylet (Abdul-Salaam and Sreelatha 1998). The bodies of D. brusinae, C. chilkaensis II and the Diphterostomum sp. from Buccinanops globulosus (Kiener) are wider than that of C. capricornia XI and C. chilkaensis II has larger oral and ventral suckers (Madhavi and Shameem 1991, Gilardoni et al. 2011) . The ventral suckers of Zoogonoides laevis Linton, 1940, Z. rubellus and Z. lasius (Leidy, 1891) are also larger than those of C. capricornia XI (Linton 1915 , Miller and Northup 1926 , Stunkard 1932 , 1938 , 1943 . Cercaria A of Wardle (1993) was described as being aspinose anteriorly, whereas C. capricornia XI is spinose over the entire body (Wardle 1993) . Cercaria capricornia XI has a general body shape similar to that of D. brusinae, C. chilkaensis II (suggested to be congeneric with D. brusinae) and Z. rubellus.
Cercaria capricornia XI can also be differentiated from Z. rubellus based on the nucleotide differences (38% divergence) over the ITS2 rDNA dataset (Fig. 2) . The zoogonid genus to which this cercaria belongs cannot yet be ascertained as there are insufficient taxa for comparison. The ITS2 rDNA region was chosen for these analyses based on the availability of comparative ITS2 data from the adults of three species of Zoogonidae produced in independent, but as yet unpublished studies, associated with the surveys of Great Barrier Reef and Northern Australian trematode fauna in the laboratory of T. Cribb. Unfortunately, the original specimens and DNA from which the ITS2 sequences were generated were unavailable, so additional markers (e.g. the more conserved and phylogenetically informative small or large subunit nuclear ribosomal DNA regions 18S and 28S) could not be sequenced for comparative purposes. While the ITS2 region is not a robust marker for deep-level phylogenetic inference, the combination of morphology, ecology and genetics suggests strongly that this cercaria belongs in the Zoogonidae. The specific identity of this cercaria remains elusive until the adult of this taxon is recovered, the DNA sequenced and a match based on ITS2 or another robust species-level DNA marker made. Deretrema Linton, 1910 and Steganoderma Stafford, 1904 This is not the first zoogonid cercaria to be noted to encyst outside a host. Palombi (1930) reported sporocysts in Nassarius mutabilis (Linnaeus) containing encysted metacercariae of D. brusinae and also described the process of encystment of the emerged cercaria in seawater. He suggested two possible transmission strategies: 1) the cercariae encyst within the sporocyst and are then dispersed into the environment when the sporocyst is ruptured, and 2) the cercariae emerge and encyst on fauna or flora in the environment where they are ingested by the second intermediate host. Studies on the life cycle of D. brusinae indicated a number of transmission strategies including encystment within sporocysts in the first host, encystment of metacercariae outside sporocysts but remaining within the first host, and cercarial emergence and infection of a second intermediate host (usually a cockle) (Palombi 1930 , Pina et al. 2009 ).
The external encystment of Z. viviparus cercariae under extreme osmotic conditions was also observed (Køie 1969) . The absence of penetration glands in C. hapax was suggested to imply encystment and passive ingestion as a transmission strategy (Brown and Webb 1994) . Similarly, cysts similar to those of Diphterostomum sp. were reported from N. orissaensis during the study of C. chilkaensis II (Madhavi and Shameem 1991) . No metacercariae were found encysted inside the single infected gastropod host during dissection to suggest that encystment inside the first intermediate host was used by C. capricornia XI in addition to external encystment.
First intermediate hosts for Zoogonidae
There are presently 15 cercariae reported as belonging to the Zoogonidae, including C. zoogonides as dis-tinct from Z. viviparus, and retaining C. crispata and the Diphterostomum sp. from B. globulosus as distinct from D. brusinae (Tables 2 and 3) . Except for C. brachycaeca and C. kuwaitae IX, which were reported in a turbinid and a trochid, respectively, belonging to the Vetigastropoda, all other zoogonid cercariae have been reported from gastropods in the Neogastropoda (Table 3 ). The family level identity of C. brachycaeca is uncertain. Shimura and Ito (1980) noted that it was different from reported zoogonid cercariae in a number of morphological features, including the shape of the excretory vesicle, intestinal caeca and stylet. They investigated the possibility that C. brachycaeca was the cercaria of Proctoeces ichiharai Shimura et Egusa, 1979 , a digenean from the Fellodistomidae that infected the same gastropod as both first and final host, but concluded they were not the same species (Shimura and Ito 1980) . Wardle (1993) suggested that C. brachycaeca may eventually be found to be a tail-less opecoelid, due to similarities in the excretory system, cercarial development in elongated sporocysts and the utilisation of a vetigastropod as first intermediate host. However, the later report of C. kuwaitae IX, also from a vetigastropod and reportedly similar to C. brachycaeca, D. brusinae and Cercaria A (Abdul-Salam and Sreelatha 1998), suggest that infection of a vetigastropod is not necessarily inconsistent with identity as a zoogonid.
The first intermediate hosts for the rest of the cercariae reported as zoogonids or probable zoogonids include 13 from the families Buccinidae, Columbellidae, Fasciolariidae and Nassariidae (superfamily Buccinoidea) of the Neogastropoda and one from the Naticidae (superfamily Naticoidea). Zoogonoides viviparus and C. zoogonides were reported from buccinids, Z. laevis was reported from a columbellid and Cercaria A from a fasciolariid. All other zoogonid cercariae except D. brusinae were reported only from nassariid snails. These included Z. lasius from I. obsoleta (Say) and N. mutabilis, Z. rubellus from Nassarius reticulatus (Linnaeus), C. chilkaensis II from N. orissaensis and C. capricornia XI from N. olivaceus, whereas D. brusinae was reported from the nassariids N. mutabilis, Cyclope pellucida Risso and N. reticulatus, and the naticid Euspira pulchella (Risso). The Diphterostomum sp., which was similar to D. brusinae, was reported from the nassariid B. globulosus. From these records, it appears that the dominant first intermediate host group for zoogonids is buccinoid gastropods, and within that superfamily by far the most frequently infected family is the Nassariidae, which harbours at least 7 species. The species richness of the genus Nassarius Duméril is remarkable at 382 species (Appletans et al. 2013, Bouchet and Gopas 2013) and we predict that further investigation of the parasite fauna of nassariids will potentially yield many more zoogonids.
The report by Palombi (1930) of the naticid E. pulchella as a host of D. brusinae may be doubtful. When Palombi (1930) synonymised D. brusinae with C. crispata, he stated that his main concern was the difference in the structure of the excretory vesicle, and that was resolved when he confirmed that the excretory vesicle may appear either saccular or bifurcated. However, the description of C. crispata by Pelseneer (1906) is brief and does not include any measurements. In comparison of the figures for both cercariae, there was no description of a stylet in C. crispata and the ventral sucker of C. crispata does not appear to be as large as that of D. brusinae, which was described with 'lips' (Palombi 1930 , Pelseneer 1906 ). The Wardle (1993) cercaria of D. brusinae from N. reticulatus was confirmed by molecular comparison to the adult and was morphologically similar to that of Palombi (Pina et al. 2009 , Palombi 1930 ). Madhavi and Shameem (1991) Stunkard (1938) in part] Linton (1915), Miller and Northup (1926) , Shaw (1933) , Stunkard (1938 Stunkard ( , 1941 Cercaria brachycaeca Shimura et Ito, 1980 Shimura and Ito (1980) 
